Abstract: This study was carried out to investigate changes in lichen photosynthetic pigments induced by different combinations of light irradiance and water availability during a Mediterranean summer. To this purpose, thalli of three epiphytic lichens with a markedly different ecology concerning photo-hygrophytism, namely Evernia prunastri (hygro-mesophytic), Flavoparmelia caperata (mesophytic) and Xanthoria parietina (xero-mesophytic), were transplanted for 30 days to N-and S-facing cardinal exposures in central Italy. To investigate the effect of thallus hydration, at each cardinal exposure 50% of thalli were hydrated daily with deionised water. The results showed that changes in the concentrations of photosynthetic pigments are species-specific and consist in a general depression of photosynthetic pigments only in the hygro-mesophytic species E. prunastri. The pattern of photosynthetic pigments was also investigated in spontaneous samples along contrasting aspects. In this case, X. parietina from S-facing slopes, adapted to direct solar influx, showed higher pigment content than N-facing thalli; F. caperata and E. prunastri avoid direct extreme solar radiation and assimilation pigments were influenced more by the shadowing of tree canopies than by the cardinal exposure. The influence of drought on lichen photosynthetic pigments in the Mediterranean area is discussed.
Introduction
Lichens have a notable ability to acclimate to changes in the surrounding environment. The way they do it depends on the habitat, morphology and anatomy of the thalli and the physiology of the symbiotic partners, the photobiont and the mycobiont (Kershaw 1985; Palmqvist & Sundberg 2000) .
Lichens respond to a multivariate complex of environmental factors (Barkman 1958 , Kershaw 1985 Nash 1996) and some of their physiological parameters may be profitably used as early indicators of environmental stress e.g. air pollution (Paoli & Loppi 2008) , microclimate alteration (Pisani et al. 2007 ) and habitat eutrophication (Munzi et al. 2009 ). The various combinations of light irradiance, temperature and evaporation are key factors for lichen physiology in the absence of other stressors, such as ecological competitors, nutrient availability and air pollution. All of them may affect photosynthetic pigments. High irradiance may decrease chlorophyll concentration and photosynthetic efficiency and alter the chlorophyll a/b ratio (Demmig-Adams et al. 1990; Hájek et al. 2001; Barták et al. 2003) . Extreme irradiance is relevant especially for sensitive species, such as the hygrophytic Lobaria pulmonaria, that may be photoinhibited and damaged (Gauslaa & Solhaug 1999; . However, short periods of adaptation to light may improve the overall tolerance of the species to high irradiances during desiccation (Štepigová et al. 2008 ) and the pool of lichen pigments naturally follows seasonal variations (Czeczuga & Krukowska 2001) .
Temperature may directly or indirectly affect lichens: for example, exposures to increasing temperatures induced a reduction of the chlorophyll content in L. pulmonaria and Evernia prunastri (Gauslaa & Solhaug 1999; Pisani et al. 2007 ) and high temperature affects the biosynthesis of lichen substances (Bjerke et al. 2003) .
The water content of the thalli affects photosynthesis and respiration, which are negatively influenced by both low and high hydration (Lange et al. 1996; . Lichens may endure dehydratation by the protection of the photosynthetic apparatus from light damage and are able to restart active metabolism once hydration is enough (Veerman et al. 2007) .
Protection mechanisms vary according to the peculiarities of the species and the habitat and are mainly based on the arrangement of photosynthetic pigments and secondary metabolites (Kappen 1983; Gauslaa et al. 2006 ) and physiological, anatomical and morphological plasticity of each species (Hyvärinen 1992; Pintado et al. 1997) .
Any variation in the arrangement of photosynthetic pigments is relevant, being a reflection of a struc-Influence of sun irradiance and water on lichen photosynthetic pigments 777 tural change consequent to a change in the physiology of the lichen photobiont. Many pollutants are well known to affect photosynthetic pigments, cause chlorophyll a degradation, alter the chlorophyll a/b ratio and decrease the chlorophyll content in lichens (Garty et al. 1992 (Garty et al. , 2001 Bačkor & Dzubaj 2004; Paoli & Loppi 2008) . Similarly, prolonged warm and dry conditions in the Mediterranean area, and particularly during the summer, may endanger sensitive lichen species and produce a general depression of the content of chlorophyll a, chlorophyll b and carotenoids of the photobiont, with chlorophyll b that is particularly sensitive to drought and high temperatures (Pisani et al. 2007 ).
The present study was carried out to investigate changes in the content of photosynthetic pigments induced in lichen thalli exposed to different combinations of light irradiance and water availability during a Mediterranean summer.
Material and methods

Lichen material
Three epiphytic lichens, namely Evernia prunastri (L.) Ach., Flavoparmelia caperata (L.) Hale and Xanthoria parietina (L.) Th.Fr. were selected for this study. All of them have Trebouxia as photobiont, are widespread in central Italy and with a markedly different ecology concerning photo-hygrophytism. Evernia prunastri is a hygromesophytic species that grows in sunny but rather humid habitats; the thallus is fruticose with lobes dichotomouslybranched and sorediate and has a higher surface/volume ratio than the other two species. Flavoparmelia caperata is a mesophytic foliose, broad-lobed species, frequent in open oak forests. The foliose lichen Xanthoria parietina is xeromesophytic, characterized by wide ecological amplitude, although preferring well-lit habitats, also in dry conditions.
Experimental design
To evaluate the pattern of lichen photosynthetic pigments induced by different combinations of ambient light and water during a Mediterranean summer, sixty-nine Prunus or Quercus twigs carrying sun-exposed samples were collected at the end of July 2004 in a rural, hilly and unpolluted area of Tuscany (central Italy, 11
• 10 54 E, 43
• 17 29 N, Grw; 500 m a.s.l.). For each lichen species, twigs were harvested only if carrying at least five different healthy thalli.
Twigs were immediately transferred to a climaticchamber for 72 hours, ensuring standardized pre-conditioning of the samples at 15 ± 2 • C, RH 55 ± 5%, photoperiod of 12 hours at 40 µmol m −2 s −1 photons PAR. Samples were then suspended for 30 days, using two wood frames and nylon ropes, in the Botanical Gardens of the University of Siena, ca. 12 km E of the original collecting site (11
• 20 3 E, 42
• 18 49 N, Grw; 300 m a.s.l.). One frame carrying the lichens was exposed to a North-and the other to a South-facing cardinal exposure, where temperature, air humidity and irradiance at each were monitored throughout the duration of the experiment. Three twigs of each lichen species were re-suspended for 30 days at the original collecting site to evaluate any possible effect caused by the transplantation. At each cardinal exposure, 50% of the samples, randomly selected, were sprayed daily with deionised water until runoff to investigate the effect of thallus hydration (hereafter 'dry' will refer to samples not sprayed). The spraying was applied once per day early in the morning to limit the rate of evaporation and prolong its effect.
In a separate trial, the kinetics of water-evaporation were evaluated: for each species, a control group of thalli was detached from its carrying substrate, sprayed until completely moist, hand shaken and blotted on filter paper to remove excess water. The lichen material was weighed and exposed to the N-and S-facing aspects. Every 15 min the samples were weighed to estimate water evaporation. To calculate the longest time (tmax) necessary to obtain a complete evaporation (Fig. 1) , two further sets of samples for each species were treated as above, but excess water was simply removed by dripping, so that a thin film of water was left on the thallus surface. This approach is regarded as more representative of the real field conditions of lichens during and after a rain event (Kershaw 1985) .
In parallel, the pattern of photosynthetic pigments along contrasting aspects in the study area was also evaluated using in-situ spontaneous lichens. To this purpose, samples of the same species were harvested at the end of August 2004, respectively from N-and S-facing slopes. At the N-facing site (11
• 9 53 E, 43
• 20 12 N Grw, 450 m a.s.l.) lichens were retrieved mainly in open stands between chestnut and oak woods, while at the S-facing site (11
• 17 46 N Grw, 400 m a.s.l.) between mixed oak forests and grasslands. At each slope, 20 thalli were harvested from all sides of five trees, 100-200 cm above ground. Samples of E. prunastri and F. caperata were found chiefly within the coverage of Quercus tree crowns, while X. parietina was abundant in sunnier conditions on Prunus twigs.
Photosynthetic pigments and chlorophyll degradation
Samples of 20-25 mg, representing a mixture of 5-10 different thalli, were used to measure the content of photosynthetic pigments and evaluate chlorophyll degradation to phaeophytin. Only the peripheral parts of lichen thalli, i.e. the outer 20 mm in E. prunastri, 10 mm in F. caperata and 5 mm in X. parietina, which have a higher metabolic activity, were selected. Samples were first rinsed 6 times for 5 minutes each in CaCO3 buffered acetone to remove lichen substances, and pigments were then extracted in PVPi-buffered DMSO (Barnes et al. 1992 ). All steps were carried out in semi-dark conditions, using a dim green light. Absorbance was determined spectrophotometrically (AGILENT 8453E UV-visible) at the wavelengths of 415, 435, 480, 649, 665 and 750 nm. Concentrations of chlorophyll a (Chl a), chlorophyll b (Chl b) and total carotenoids (Car) were calculated according to Wellburn (1994) and expressed on a thallus dry mass basis. The degradation of chlorophyll a to phaeophytin, an indicator of the chlorophyll integrity, was expressed by the OD 435/415 ratio according to Ronen & Galun (1984) .
Statistical analyses
A three-way ANOVA was run to check the overall effect of species, cardinal exposure and hydration as well as the interactions among them. A two-way ANOVA was run separately for each species to check for differences in photosynthetic parameters according to cardinal exposure and hydration. The Bonferroni test (P < 0.05) was used for post hoc comparisons between cardinal exposures (N dry vs S dry, N sprayed vs S sprayed) and hydration treatments (N dry vs N sprayed, S dry vs S sprayed). The significance of differences between N-and S-facing slopes of in situ samples was checked by an unpaired t-test (P < 0.05). Prior to analysis, data not matching a normal distribution (Shapiro-Wilk W test at the 95% confidence interval) were log-transformed. Two outliers, detected with the Grubbs test, (P < 0.05) were not included in the analyses.
Results
Environmental conditions
Weather conditions in the study area during the transplantation (August 2004) were mostly sunny (25 days) and warm, with a few partially cloudy or rainy days. The daily course of temperature, relative humidity and light irradiance recorded at the N-and S-facing exposures is shown in Fig. 1 . Transplanted thalli overall faced warmer and drier conditions at the southern exposure and during a sunny day, while S-facing thalli dealt with higher light irradiance and temperature and lower relative humidity, specially in the morning. In the afternoon, both aspects were partially shaded.
Photosynthetic pigments in transplanted thalli
The investigated parameters and their statistical descriptors (mean, standard deviation, F-and P-values of ANOVA) are shown in Tables 1-3 . The content of photosynthetic pigments in the samples prior to the transplantation did not differ (ttest, P > 0.05) from that of samples re-suspended to their original site for 30 days (data not shown). This allowed to exclude any possible effect of the transplantation on lichen thalli.
Overall changes in the concentrations of photosynthetic pigments after the transplanting period were mainly species-specific (3-way ANOVA, data not shown) and the influence of the cardinal exposure and water treatment was evident only accounting separately for each species.
Transplanting to opposite aspects influenced the content of photosynthetic pigments of E. prunastri, which significantly decreased at South, while F. caperata and X. parietina thalli did not show differences related to the cardinal exposure they were transplanted to.
Water spraying of thalli increased the Chl a/b ratios of all three species, irrespective of cardinal exposure. However, the response of Chl b differed according to the species: in E. prunastri it was decreased both for N-and S-exposed samples when hydrated, in F. caperata it was decreased only for S samples, and no difference was found for X. parietina.
The water content of dry samples was 8-15% of their dry weight depending on the relative humidity of the air and lichen species. After the hydration, X. parietina held the highest water content, while for all species the rate of evaporation was over twice in S-exposed samples, as indicated by the slopes of the drying curves (Fig. 2) . To achieve a full evaporation after the hydration, E. prunastri required the lowest time (t max ≈ 30 min at S and ≈ 60 min at N). In F. caperata evaporation occurred respectively within 60 min at S and 110 min at N. Xanthoria parietina prolonged the hydrated state for a longer time (t max ≈ 60 min at S and up to 180 min at N).
In general, X. parietina showed the highest concentration of photosynthetic pigments and E. prunastri the lowest, F. caperata being intermediate.
Photosynthetic pigments in in-situ samples
The comparison between N-and S-facing samples from natural slopes can be summarized as follows (Table 4): the hygro-mesophytic and mesophytic species E. prunastri and F. caperata showed higher concentration of photosynthetic pigments at the N-facing site, the opposite for the xero-mesophytic species X. parietina.
In detail, the OD 435/415 ratio of E. prunastri was lower in S-samples, Chl a and Chl b of F. caperata were higher in N-samples, whereas the quantity of pigments was higher in S-thalli of X. parietina. The concentrations of photosynthetic pigments in spontaneous E. prunastri and F. caperata thalli were higher than those of transplanted thalli (t-test, P < 0.05), whereas the amount of pigments in X. parietina was similar to that of the transplants.
Discussion
The lower content of photosynthetic pigments in dry S-exposed samples of E. prunastri is consistent with several studies of sun-and shade-adapted populations of lichens, bryophytes and vascular plants (Thayer & Björkman 1990; Tretiach & Brown 1995; Marschall & Proctor 2004) . Similar results were found by Hájek et al. (2001) , which observed a 20% lower Chl a and Chl b content in populations of Cetraria islandica from highly irradiated habitats of central Europe compared to shaded habitats. However, it should be considered that each lichen species has specific acclimation mechanisms, leading even to contrasting indications when different lichens and different habitats are investigated.
Generally, dry or desiccating thalli are less influenced by high irradiance, since desiccation leads to functional disconnection of antennae PSII complexes, change of morphological and physiological properties and activation of protection mechanisms from excessive sun irradiation (Bilger et al. 1989; Demmig-Adams et al. 1990 ). However, when lichens are dry and exposed to a high light intensity, like during a Mediterranean summer, repair mechanisms which might require active metabolism to work, may be inactive and hence protective effects may be reduced or missing at all. Consequently, a continuous exposure of a hygro-mesophytic species to high levels of light irradiance during dry periods can cause damages to the photosynthetic pigments (Valladares et al. 1995; . In our transplants, this pattern is confirmed by the higher chlorophyll degradation (lower OD 435/415 ) and lower pigment concentration found in S-exposed E. prunastri thalli.
In a Mediterranean environment, S-exposed sites receive a much higher irradiance than their N counterparts, causing a rapid drying off especially of fruticose lichens like E. prunastri, as indicated by the rapid evaporation measured after the hydration treatment at South. Thallus morphology drives the rate of evaporation, since the evaporative loss of water is mainly a physical process (Kershaw 1985) . The lower surface/volume ratio of foliose lichens corresponds to a higher ability to prolong thallus hydration and hence active metabolism. Thallus hydration is essential for the metabolic activity and lichens desiccate quickly with increasing irradiance and temperature (Nash 1996) . The photosynthetic apparatus is generally inactive when the thallus water content drops below 15% of the dry weight (Kershaw 1985) and during the transplantation, our thalli were often close to this threshold, with a clear limitation to the metabolic activity. Under our experimental conditions, the duration of the active period follows the order X. parietina > F. caperata > E. prunastri, hence, the latter is the species which spent the longest time inactive.
Many lichens tolerate long periods of low hydration and are able to reactivate quickly their metabolism following rewetting of the thalli. The lichen Ramalina maciformis living in the Negev desert is able to initiate respiration by exposure to water vapour in a fully saturated atmosphere even after 51 weeks at 1% thallus water content (Lange et al. 1970) . Spraying thalli with a haze of water droplets yields a further increase in gas exchange.
According to Farrar & Smith (1976) , the main effects of drought consist in damage to macromolecules and membranes, the integrity of which is dependent on water availability. For example, lipids and fatty acids in lichens are sensitive to high temperatures and seasonal variations (Bychek 1994; Dembitsky et al. 1994 ) and dehydration may decrease the content of major phospholipids (Kotlova & Sinyutina 2005) .
On the other hand, damage to the photosynthetic apparatus of the photobiont is also possible when thalli are fully hydrated and exposed to high irradiance (Green et al. 1994; Barták et al. 2003) . In this case, a high level of hydration increases the probability of photoinhibition by reducing the availability of CO 2 for photosynthesis, owing to the hydration-induced resistance to CO 2 diffusion (Lange et al. 1999) . In consideration of the short exposure period, it is reasonable to assume that the decreasing concentration of photosynthetic pigments in E. prunastri transplanted at the S-facing site is reversible and represents an early stressconsequence of high light irradiance. In fact, no evident morphological damage (e.g. thallus bleaching or bronzing) was found amongst N-and S-exposure and hydrated and dry samples.
Spraying samples enhanced metabolic activity of all species, and overall raised the Chl a/b ratio mainly through the reduction of Chl b.
Evernia prunastri was much more affected by the hydration: dry samples showed higher values for all parameters in N-than S-exposed thalli, while after the 30 days hydration treatment, differences between photosynthetic parameters in N-and S-facing sprayed thalli were greatly reduced. The metabolic activation induced by the wetting treatment, coupled with the high evaporation rate, probably increased the vulnerability of the photosynthetic apparatus especially in this species, since it is highly dependent on the external water supply. This point would further confirm the hypothesis of a stress-effect and would be consistent with previous observations that Chl b in E. prunastri is sensitive to high temperatures (Pisani et al. 2007 ). In arid environments, microclimatic conditions may cause changes in lichen physiology similar to those of airborne pollutants (Garty et al. 1992; Paoli & Loppi 2008) and sieving out the signal of pollution from that of aridity might be complicated. Theoretically, if the goal of transplanting lichens is to detect signs of a worsening environment around pollution sources, lichen transplantations should be protected against stressful microclimatic conditions, avoiding excess sun irradiance and dryness.
Concerning North and South-facing in-situ populations, the highest content of photosynthetic pigments was measured in shaded-spontaneous samples along natural slopes, i.e. E. prunastri and F. caperata collected at N. The higher chlorophyll level in shaded samples may be explained as a mechanism involved in the maximization of the photosynthetic use of low irradiance (Kershaw 1985) . The shadow of the tree canopies decreased the light influx to spontaneous F. caperata and E. prunastri and besides explaining the content of photosynthetic pigments compared with the samples transplanted to full sun irradiance, it masked the effect of the cardinal exposure, as suggested by Hyvärinen (1992) and Pintado et al. (1997) . In fact, among the considered species in the study sites, only the xeromesophytic X. parietina is well exposed to sun irradiance and shows a higher content of pigments in Sgrowing thalli than N-growing ones.
Studies carried out with X. parietina in N Europe reported seasonal fluctuations of the Chl a/b ratio consisting in higher Chl a/b ratios, lower total chlorophylls and higher xanthophylls toward the summer (Vráblíková et al. 2006) . Generally, in central and N Europe water availability is not a limiting factor, hence pigments acclimation is driven directly by seasonal changes in solar radiation. On the contrary, in Mediterranean semi-arid and dry areas, especially in summer, high irradiance and temperature beget a water-deficit in the environment, which affects the water content of lichen thalli and hence their photosynthetic performance.
In our study, X. parietina thalli growing on Sfacing sites showed a higher content of carotenoids (β-carotene and xanthophylls), which are supposed to enhance photoprotection of the photobiont under increasing light irradiance. In general, active protection of the photobiont may involve the xanthophyll cycle (Vráblíková et al. 2005 ) through the activation of the enzyme violaxanthin de-epoxidase, which drives the conversion of violaxanthin via antheraxanthin to zeaxanthin, and then zeaxanthin dissipates excess energy in the form of heat (Havaux & Niyogi 1999) . Photoinhibition has higher probability to occur in those lichen species with a limited pool of xanthophyll cycle pigments and may occur in the field at least under specific combinations of some environmental factors such as full hydration of the thalli, extreme temperature and high irradiance. However, protection strategies may use several sources and X. parietina may protect its photobiont also by parietin production. In fact, demonstrated that N-facing transplants of air-dry thalli of X. parietina to whom parietin was removed remained vital and healthy, while S-facing transplants partly died or bleached. Dzubaj et al. (2008) found a content of chlorophyll and carotenoids in X. parietina thalli similar to ours, and a correlation between the ratio carotenoids/chlorophyll and the amount of parietin, indicating that parietin synthesis may also affect the chlorophyll content.
We can conclude that in a Mediterranean environment, summer dryness mainly influences hygrophytic and mesophytic lichens. Our experiments showed that simulating short-term changes in environmental conditions by exposing thalli of three epiphytic lichens with a markedly different ecology concerning photohygrophytism (from hygrophytic to xerophytic) to different combinations of light irradiance and water availability, induced species-specific responses consisting in a general depression of photosynthetic pigments only in the hygro-mesophytic species E. prunastri.
